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Single-Event Upset and Scaling Trends in
New Generation of the Commercial
SOI PowerPC Microprocessors

Farokh Irom, Farhad Farmanesh, and Coy K. Kouba

Abstract—Single-event upset effects from heavy ions are mea-
sured for Motorola silicon-on-insulator (SOI) microprocessor with
90 nm feature sizes. The results are compared with previous results
for SOI microprocessors with feature sizes of 130 and 180 nm. The
cross section of the 90 nm SOI processors is smaller than results for
130 and 180 nm counterparts, but the threshold is about the same.
The scaling of the cross section with reduction of feature size and
core voltage for SOI microprocessors is discussed.

Index Terms—Cyclotron, heavy ion, microprocessors, silicon on
insulator.

I. INTRODUCTION

I N recent years there has been interest in the possible use of
unhardened commercial microprocessors in space because

of their superior performance compared to hardened proces-
sors. However, unhardened devices are susceptible to upset from
space radiation. More information is needed on how complex
ASICs respond to radiation before they can be used in space.
Only a limited number of advanced microprocessors have been
subjected to radiation tests, which are designed with lower clock
frequencies and higher internal core voltages than recent devices
[1]–[6].
A basic method for improving the SEU immunity without de-

grading the performance is to reduce the SEU-sensitive volume.
This can be accomplished through the use of silicon-on-insu-
lator (SOI) substrates. For SOI processes the charge collection
depth for normally incident ions is reduced by more than an
order of magnitude compared to similar processes fabricated on
epitaxial substrate. Because of the much smaller charge collec-
tion depth, the single-event upset (SEU) sensitivity of SOI de-
vices is expected to bemuch better. However, other factors, such
as lower operating voltages, reduced junction capacitance and
amplification by parasitic bipolar transistors [7] may limit the
degree of improvement in SEU sensitivity that can be obtained
with commercial SOI processors.
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The trend for commercial Silicon-on-insulator (SOI) micro-
processors is to reduce feature size and internal core voltage and
increase the clock frequency. Commercial microprocessors with
the PowerPC architecture are now available that use partially
depleted SOI processes with feature size of 90 nm and internal
core voltage as low as 1.0 V and clock frequency in the GHz
range.
Previously, we reported SEUmeasurements for SOI commer-

cial PowerPCs with feature sizes of 180 and 130 nm [8], [9].
The results showed an order of magnitude reduction in saturated
cross section compared to CMOS bulk counterparts.
This paper examines SEUs in the advanced commercial SOI

microprocessors, focusing on SEU sensitivity of D-Cache, reg-
isters and hangs with feature size and internal core voltage. Re-
sults are presented for the Motorola SOI processor with feature
sizes of 90 nm and internal core voltages of 1.3 and 1.0V atmax-
imum clock frequency of 1.6 GHz. These results are compared
with results for the Motorola SOI processors with feature size
of 180 and 130 nm and internal core voltages of 1.6 and 1.3 V,
respectively. The scaling of the cross section with reduction of
feature size and core voltage dependence for SOI microproces-
sors is discussed.

II. EXPERIMENTAL PROCEDURE

A. Device Descriptions

The Motorola 7448 PowerPC is fabricated with SOI tech-
nology. It uses a partially depleted technologywithout body ties.
It has a feature size of 90 nm with a silicon film thickness of
55 nm and internal core voltage of 1.3 V. A low-power version
of this processor operates with an internal core voltage of 1.0 V.
The older Motorola 7457 SOI PowerPC has a feature size of

130 nm with a silicon film thickness of 55 nm and internal core
voltage of 1.3 V. A low-power version of this processor operates
with an internal core voltage of 1.1 V. Also, the Motorola 7455
SOI PowerPC has a feature size of 180 nm with a silicon film
thickness of 110 nm and internal core voltage of 1.6 V. A low-
power version of this processor operates with an internal core
voltage of 1.3 V. All devices are packagedwith “bump bonding”
in flip-chip ball-grid array (BGA) packages.
It is important to note that the core voltage used in our tests

is the specific core voltage designed by the manufacturer for the
specific product. We do not know what specific changes have
been made to the processor design or the design of the internal
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TABLE I
SUMMARY OF MOTOROLA’S POWERPC FAMILY OF SOI PROCESSORS

Special low power version of the Motorola SOI PowerPC 7455.
Special low power version of the Motorola SOI PowerPC 7457.
Special low power version of the Motorola SOI PowerPC 7448.

TABLE II
LIST OF THE ION BEAMS USED IN OUR MEASUREMENTS

transistors to produce devices that will work reliably with such
low voltages.
Table I summarizes the recent SOI generation of the PowerPC

family. The feature size is reduced from 180 to 90 nm, with
core voltage reduced from 1.6 to 1.0 V. Themaximum operating
clock frequency ranges from 800 to 1600 MHz.

B. Experimental Methods

Radiation testing was done at the Texas A&M University
cyclotron. This facility produces the long-range ions needed
for SEU testing through thick materials. Particularly, the
40 MeV/amu beams have enough range that makes it possible
to do irradiations in air rather than in vacuum. The ion beams
used in our measurements are listed in Table II. Both ions have
enough range to penetrate the die. The LET range of 1.7 to
15 MeV-cm /mg was covered in the measurements. All irra-
diations were done using ions with normal incidence. Because
of the “flip-chip” design of the Motorola PowerPC, irradiation
was done from the back of the wafer (package top), correcting
the LET to account for energy loss as the beam traversed the
silicon. The thickness of the die is about 850 m.
Radiation testing was done in air using a commercially avail-

able evaluation boards manufactured by Motorola for each pro-
cessor type. This eliminated the engineering effort required to
design a custom test board for the processor, and also provided
a basic PROM-based system monitor instead of a complex op-
erating system. This provides better diagnostics and control of
processor information during SEU testing compared tomore ad-
vanced operating systems. The external communication channel
on the evaluation boards was a simple serial connection and it
was used as a terminal.
The test methodologies used to measure upset errors in the

D-cache, registers and hangs are discussed in detail in [1], [8],
and [9] and briefly described in the following sections. Tests
were performed on two to three samples for each processor type.

1) D-Cache Measurement: The D-cache was initialized
under specified condition prior to irradiation and then disabled.
Then a clearly recognizable pattern, designed to be distinctly
different from the contents of the cache, was placed in the
external memory space covered by the cache. Comparing the
cache contents after irradiation provided verification of the
cache contents. Upsets in the cache were counted with special
post beam software.

2) Registers Measurement: In testing the register, the pro-
cessor performs a one-word instruction infinite loop interrupted
briefly every half-second to write a register snapshot to a strip
chart in the physical memory. After the irradiation has ended,
an external interrupt triggered a reporting routine to download
the strip chart and compared the register contents with the pat-
tern initially loaded, and counted state changes in the register.

3) Hangs Measurement: We define a hang as a complex
functional error where the processor operation is severely dis-
rupted during the irradiation. We detected hangs by applying
an external interrupt after the irradiation was ended; if the pro-
cessor responded to the interrupt, it was still operational to the
point where normal software could likely restore operation. If
the interrupt could not restore operation, then the status was cat-
egorized as a hang. In nearly all cases, it was necessary to tem-
porarily remove power from the device in order to recover and
reboot the device. When hangs were detected, no increase in the
current was observed that might indicate a micro latchup. The
analysis of hangs is complicated by the fact that one is not sure
how much beam was delivered to the device before the hang
occurred.
In order to roughly scope problems with hangs, we calculated

the hang cross section defined as the number of times the pro-
cessor would not respond to the external interrupts divided by
the total fluence to which the processor had been exposed, in-
cluding runs with no observed hangs. This was done for each
LET.

III. TEST RESULTS

A. Scaling Trends

1) Register Tests: Fig. 1 show results of the SEU cross sec-
tion measurements of the Floating Point Registers (FPR) for the
Motorola PowerPC 7448 (feature size 90 nm). The measure-
ments were done for “0” to “1” and “1” to “0” transitions. The
cross sections for the two logic directions are different. We have
reported similar asymmetry in registers for other SOI PowerPCs
from Motorola and IBM [8].
Fig. 2 compares results of the SEU measurements for FPR of

the Motorola PowerPC 7448 (90 nm feature size) to the results
of the Motorola PowerPC 7455 (180 nm feature size). The core
voltage for both measurements was 1.3 V. The SEU cross sec-
tion for the Motorola PowerPC 7448 is smaller than the one for
the Motorola PowerPC 7455.

2) Data Cache: Fig. 3 compares results of the SEUmeasure-
ments for D-Cache of the Motorola PowerPC 7448 (90 nm fea-
ture size) to the results of the Motorola PowerPC 7457 (130 nm
feature size). Also, for comparison the results of the Motorola
PowerPC 7455 (180 nm feature size) is shown. The core voltage
for three measurements was 1.3 V. Even though the Motorola
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Fig. 1. SEU cross-sections for FPR of theMotorola SOI PowerPC 7448 for “1”
to “0” and “0” to “1” transitions. The dashed and solid curves are only guides
for the eye.

Fig. 2. Comparison of SEU cross-section for the FPR of the Motorola 7455
and 7448 PowerPC’s. The dashed and solid curves are only guides for the eye.

Fig. 3. Comparison of SEU cross-section for the D-Cache of the Motorola
7455, 7457 and 7448 PowerPC’s. The core voltage for three measurements was
1.3 V. The dashed and solid curves are only guides for the eye.

PowerPC 7448 processor has a much smaller feature size than
the PowerPC 7455 and 7457, the LET threshold (LETth is de-
fined as the maximum LET value at which no effect was ob-
served at an effective fluence of ions/cm ) is likely not
very different. The LET threshold of the SOI PowerPC proces-
sors is about 1MeV-cm /mg. The saturation cross section of the

Fig. 4. Comparison of estimated hangs cross-section for the Motorola 7455,
7457 and 7448 PowerPC’s. The core voltage for three measurements was 1.3 V.
The dashed and solid curves are only guides for the eye.

Motorola PowerPC 7448 is more than a factor of 5 lower than
that of the other PowerPC processors with feature sizes of 130
and 180 nm. It is interesting to note that there is little difference
between the saturated cross section for SOI PowerPCs with fea-
ture size of 130 and 180 nm given the difference in feature size.
These results suggest that scaling between 180 and 130-nm fea-
ture size has little effect on SEU sensitivity. However, this trend
did not continue as device feature size is changed to 90 nm. The
scaling of the saturated cross section with feature size in SOI
processors will be discussed further in Section IV.
The large number of storage locations within the data cache

allows more statistically significant numbers of be measured,
decreasing the error bars due to counting statistics. For the data
points where statistical error bars are not shown, they are smaller
than the size of the plotting symbols. Contrary to FPR results the
D-Cache SEU cross section for “1” to “0” transitions is the same
as that for “0” to “1” transitions.

3) Functional Errors (“Hangs”): Fig. 4 compares estimated
cross sections for hangs for theMotorola PowerPC 7448 (90 nm
feature size) to those for the Motorola PowerPC 7457 (130 nm
feature size). Also, for comparison the estimated cross section
for hangs for the Motorola PowerPC 7455 (180 nm feature
size) is shown. The core voltage for all three measurements was
1.3 V. Contrary to the results for the SEU measurements of the
D-Cache and the FPR there are no differences between results
of three measurements. These results suggest that scaling
between 180 and 90-nm feature size has little effect on hangs if
internal core voltage stays the same.

B. Core Voltage

1) D-Cache: Fig. 5 shows results of the SEU measurements
forD-Cache of theMotorola PowerPC 7448 (90 nm feature size)
at two internal core voltages of 1.3 and 1.0 V. The SEU mea-
surements for the part designed with lower internal core voltage,
1.0 V, is slightly larger than the one for the operating voltage of
1.3 V.
Previously, we have studied the core voltage dependence of

the SEUmeasurements for D-Cache on theMotorola PowerPCs
7455 and 7457 [10]. Fig. 6 compares results of the previous
SEU measurements of the D-Cache of the Motorola PowerPC
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Fig. 5. Comparison of SEU cross sections for D-Cache for Motorola PowerPC
7448 for internal core voltage of 1.3 and 1.0 V. The dashed and solid curves are
only guides for the eye.

Fig. 6. Comparison of SEU cross sections for D-Cache for Motorola PowerPC
7457 with internal core voltage of 1.3 and 1.1 V. The dashed and solid curves
are only guides for the eye.

7457 with a core voltage of 1.3 V to the results of the Motorola
PowerPC 7457 with a core voltage of 1.1 V. The SEU measure-
ments for the part designed with lower operating voltage, 1.1 V
is slightly larger than the one for the operating voltage of 1.3 V.
This is similar to our new results for Motorola PowerPC 7448.
Also, in Fig. 7 we compare the results of the SEUmeasurements
of the D-Cache of the Motorola PowerPC 7455 with a core of
1.6 Vwith the results of theMotorola PowerPC 7455with a core
voltage of 1.3 V. Contrary to the results for Motorola PowerPC
7448 and results for PowerPC 7457, there is no change in the
SEU cross section for D-Cache.
These measurements for D-Cache suggest that the SEU sen-

sitivity decreases with reduced core voltage up to a point where
the trend reverses. For a particular feature size reduction of core
voltage below 1.3 V increases the SEU sensitivity. The depen-
dence of the SEU cross section with internal core voltage in SOI
processors will be discussed further in Section IV.

2) Functional Errors (“Hangs”): Fig. 8 compares estimated
cross section for hangs for two internal core voltage specifica-
tions 1.3 and 1.0 V, during heavy-ion SEU measurements of the
Motorola PowerPC 7448 (90 nm feature size). It is interesting
to note that the SEU hangs cross section for the parts designed

Fig. 7. Comparison of SEU cross sections for D-Cache for Motorola PowerPC
7455 with internal core voltage of 1.6 and 1.3 V. The dashed and solid curves
are only guides for the eye.

Fig. 8. Comparison of SEU cross sections for “hangs” for Motorola PowerPC
7448 for internal core voltage of 1.3 and 1.0 V. The dashed and solid curves are
only guides for the eye.

with the lower operating voltage, 1.0 V, is larger than SEU hangs
cross section for the part designed for operating voltage of 1.3 V
by a about an order of magnitude.
Fig. 9 compares our previous results of the estimated cross

section for hangs for the Motorola PowerPC 7455 with internal
core voltage of 1.6 V to those for a special version of the Mo-
torola PowerPC 7455 that operates with a low internal core
voltage of 1.3 V. These data have been published previously [9].
Contrary to the new data for the Motorola PowerPC 7448, there
is little difference between results of the two measurements.

IV. DISCUSSION

Feature sizes, silicon film thickness and internal core volt-
ages are critical factors for single-event upset in SOI. Scaling
for high-performance technologies depend heavily on reducing
feature size, but also requires a reduction in internal core voltage
[11]. The effect of scaling on partially depleted SOI structures
is a far more difficult problem. The main advantage of SOI is
a marked reduction in the thickness of the silicon region for
charge collection. To first order, this should decrease the col-
lected charge. However, charge amplification from the parasitic

Authorized licensed use limited to: Jet Propulsion Laboratory. Downloaded on February 10, 2009 at 16:37 from IEEE Xplore.  Restrictions apply.



IROM et al.: SINGLE-EVENT UPSET AND SCALING TRENDS 3567

Fig. 9. Comparison of SEU cross sections for hangs for Motorola PowerPC
7455 with internal core voltage of 1.6 and 1.3 V. The dashed and solid curves
are only guides for the eye.

bipolar transistor that is inherent in partially depleted SOI in-
creases the charge by a significant factor. Reduction in feature
size and decreasing the silicon film thickness increases bipolar
gain. Furthermore, considerable work has been done showing
that the critical charge for SOI devices with low internal core
voltages is expected to be lower for more highly scaled devices
[12]. This might lead to the conclusion that SEUwill be far more
severe for highly scaled devices with lower internal core volt-
ages. However, this has not been observed for high-performance
devices such as microprocessors [13]. Other factors cause less
charge to be collected as devices are scaled to smaller feature
size. Charge collection may also be lower when feature sizes
are reduced below about 250 nm because the lateral distribution
of charge from the ion track will extend beyond the active area
[14]. The decrease in critical charge is compensated for by a
smaller area along with decreased charge collection efficiency.
Reduction in feature size should reduce the SEU sensitivity.

Decreasing the silicon film thickness increases bipolar gain [15],
and reducing the internal core voltage limits the degree of im-
provement in SEU sensitivity that can be obtained with com-
mercial SOI processors. Table III shows the feature sizes, film
thickness, internal core voltages, and saturated cross section of
the D-cache for the SOI and bulk generations of the PowerPC
family.
Silicon film thickness is a critical factor in SOI single-event

upset. From the standpoint of electrical device design, there is
a tradeoff between bipolar gain and the history effect (which
causes switching waveforms to depend on previous switching
waveforms). The history effect can be reduced by decreasing
film thickness, but that increases bipolar gain. In [9], there is
a comparison between SEU cross section for IBM 750 FX and
Motorola 7457. There is a very good agreement between the
data. The similarity between D-cache results of the Motorola
7457 and IBM 750FX is somewhat surprising. The feature size
and core voltage of two processors are the same. However, the
film thickness of the Motorola 7457 is much smaller—55 nm
— compared to the 117 nm film thickness of the IBM 750
FX. These results might suggest that scaling between 180 and
130-nm feature size has no change in bipolar gain sensitivity.
This is in contradiction with the common belief that the bipolar

TABLE III
COMPARISON OF THE D-CACHE CROSS SECTION
DATA OF THE POWERPC MICROPROCESSORS

amplification increases inversely with the film thickness. A sim-
ilar conclusion is reported in [16]. Reference [17] contributes
reduction of supply voltage and reverse doping profile used for
more advanced technologies to the degradation of the bipolar
gain, in spite of decreasing film thickness.
The results for the Motorola PowerPC 7448 processor for

1.3 V internal core voltages, presented in this paper show lower
D-Cache SEU cross section compared to the PowerPC 7455
and 7457. The cross section per bit is about 40% lower for the
D-Cache in theMotorola PowerPC 7448 and a similar reduction
in cross section was observed for the FPR at high LETs. These
results suggest that scaling between 130 and 90 nm feature size
has considerable effect on SEU sensitivity. However, this trend
is not true for the hangs. There is good agreement between hangs
data for the PowerPC 7455, 7457 and 7448 (Fig. 4) at internal
core voltage setting of 1.3 V, despite the difference in feature
size. These results might suggest that scaling between 180 and
90 nm feature size has little effect on hangs sensitivity as long
as internal core voltage stays above 1.3 V.
For the Motorola PowerPC 7455 with feature size of

180 nm, the data shows (Figs. 7 and 9) no significant difference
in D-Cache and hangs occurring for internal core voltages of
1.3 and 1.6 V. However, for the Motorola PowerPCs 7457
and 7448 with feature size of 130 and 90 nm, respectively,
the data shows (Figs. 5, 6 and 8) a significant difference in
D-Cache and particularly in hangs for internal core voltages
of 1.3, 1.1 and 1.0 V. The D-Cache SEU cross section for the
Motorola PowerPC 7448 with an internal core voltage of 1.0 V
is considerably larger that the one for 1.3 V. There is more
drastic increase in hangs estimated cross section. The hangs for
the Motorola PowerPC 7448 with internal core voltage setting
of 1.0 V is about an order of magnitude larger that the one
with internal core voltage setting of 1.3 V. This suggests that
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reduction of the internal core voltage beyond a limit causes
the improvement in SEU for highly scaled SOI commercial
PowerPC microprocessors to be reversed. Because of the trend
in scaling, feature size and internal core voltage constantly
decreasing, the concern about SEUs is becoming an important
factor and it should be investigated in more detail.
Although it is useful and instructive to make comparisons

of single-event upset results as microprocessors within a given
family evolve, one must remember that these are complex de-
vices, not test structures. Other factors in the processor design
may also affect the way that different processors in the series
respond to radiation. There are also different requirements for
various registers and functions within the device. For example,
access time is a critical requirement for on-board cache, but
cache single-event upset results may not be representative of
other types of registers within the device.

V. CONCLUSION

This paper has evaluated SEU cross section for the Motorola
PowerPC 7448 with feature size of 90 nm at internal core volt-
ages as low as 1.0 V. At internal core voltage of 1.3 V the SEU
cross section is lower by a factor of five compare to the re-
sults for PowerPCs with feature size of 130 and 180 nm. The
threshold LET did not change compare to the results for Pow-
erPCs with feature size of 130 and 180 nm. The SEU cross sec-
tion increases at lower internal core voltage of 1.0 V compared
to the results at internal core voltage of 1.3 V. More drastic re-
sults were obtained for estimated cross section for “hangs”. The
estimated cross section is higher by more than an order of mag-
nitude for the results at internal core voltage of 1.0 V.
The fact that SOI devices are dielectrically isolated, have re-

duced collection volume, and reduced p-n junction area as com-
pared to bulk devices makes it possible to manufacture SOI de-
vices with better SEU. The upset rates of the SOI PowerPCs are
low enough to allow their use in space applications where occa-
sional upsets can be tolerated. The upset rate in D-Cache is 20
per year from galactic cosmic rays in deep space. Although a
small number of “hangs” were observed during radiation tests,
the cross section for this type of functional error is low enough
that “hangs” are expected only occasionally, with an estimated
rate of two in 25 years from galactic cosmic rays in deep space.

Further reduction in internal core voltage together with in-
creases in clock frequency may become serious factors in the
overall impact of SEU rates for future generations of commer-
cial SOI microprocessors.
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